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ABSTRACT  (Continue  on  rmvmrmm  ml  dm  It  nmcmmmmry  mnd  Identify  by  block  numbmr) 

Forward  Looking  Infrared  (FLIR)  High  Frequency  Stabilization  Study  was  conducted 
to  investigate  cost-effective  techniques  for  achieving  internal  optical  line-of- 
sight  stabilization  in  an  AN/AAQ9  XA1  or  XA2  type  FLIR.  A  stabilization  technique 
which  command-stabilizes  a  gimbaled  folding  mirror  in  the  FLIR  IR  optical  system 
was  selected.  Tests  verified  the  stabilization  performance  of  the  laboratory 
demonstration  breadboard  model.  Vibration  attenuations  of  over  27  dB  were 
achieved  in  the  spectrum  between  20  and  TOO  Hz.  System  noise  levels  were  suffi¬ 
ciently  low  to  achieve  the  desired  7-microradian  line-of-sight  stabilization  level, 
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Without  a  I ine-of-sight  stabilization  capability,  mechanical  vibra¬ 
tions  of  FLIRs  installed  in  aircraft  can  degrade  the  image  quality  of  the 
FLIR  to  an  extent  that  seriously  restricts  the  utility  of  the  unit.  As  a 
consequence,  the  Air  Force  Avionics  Laboratory,  Wright -Patterson  Air  Force 
Base,  Ohio,  sponsored  a  study  of  high  frequency  1 1 ne-of-sight  stabilization  in 
the  AN/AAQ-9  XA1  and  XA2  type  FLIRs.  This  study  concluded  with  a  laboratory 
demonstration  which  proved  the  feasibility  of  the  selected  stabilization 
concept.  In  this  concept  I i ne-of-sight  stabilization  was  achieved  by  apply¬ 
ing  compensating  motions  to  the  folding  mirror  in  the  FLIR  optical  system. 

This  --eport  details  the  investigation  conducted  and  the  results  obtained. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 

The  purpose  cf  the  Forward  Looking  Infrared  (FUR)  High  Frequency 
Stabilization  Study  Program  was  to  investigate  cost-effective  techniques  for 
achieving  internal  optical  I  ine-of-si ght  stabilization  in  an  AN/AAQ9  XA1  or 
XA2  type  of  FUR.  The  program  was  composed  of  the  following  three  main  tasks: 

•  Evaluation  of  techniques  for  achieving  internal 
optical  I ine-of-sight  stabilization,  and  selection 

of  a  recommended  technique,  with  Air  Force  concurrence 

•  Design  and  fabrication  of  a  laboratory  demonstration 
breadboard  model 

•  Demonstration,  by  tests,  of  the  stabi ! ization 
capabilities  of  the  breadboard  model  (in  one 
dimension). 


A  stabilization  technique  which  command-stab i I i zes  a  gimbaled 
folding  mirror  in  the  FUR  IR  optical  system  was  selected.  This  technique 
is  readily  applicable  to  both  FURs,  as  it  requires  only  substitution  of 
a  stabilization  mirror  module  for  one  of  the  normal  FUR  folding  mirrors. 
No  change  in  optics  design  nor  degradation  in  performance  results,  and  the 
technique  readily  accommodates  step  zoom  f  ield-of-view  changes  by  a  simple 
scale-factor  change  in  the  electronics. 


The  stabilization  performance  of  the  laboratory  demonstration 
breadboard  model  is  shown  in  Figure  1.  This  figure  shows  vibration  attenua¬ 
tion  as  a  function  of  sinusoidal  vibration  frequency,  and  demonstrates  that 
an  attenuation  of  from  20  to  over  27  dB  was  achieved  in  the  spectrum  between 

20  and  100  Hz.  The  test  results  also  showed  system  noise  levels  to  be  suf¬ 
ficiently  low  to  permit  the  desired  7-microradian  I ine-of-sight  stabilization 
level  to  be  achieved. 
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Sketches  Illustrating  the  mechanical  configurations  of  stabiliza¬ 
tion  folding  mirror  modules  applicable  to  the  AN/AAQ9  XA1  and  XA2  are  shown  in 
Figures  2  and  3.  These  sketches  are  based  on  the  design  of  the  laboratory 
demonstration  breadboard,  which  made  use  of  an  aluminum  honeycomb  structure 
with  a  replicated  piano-optical  mirror  surface.  The  mirror  was  driven 
independently  about  two  axes  by  piezoelectric  drivers.  The  completed 
laboratory  demonstration  breadboard  model  is  shown  in  Figure  4. 

Aerojet  ElectroSystems  Company  (AESC)  recommends  a  follow-on  pro¬ 
gram  to  apply  the  experience  gained  from  this  study  program  to  the  design  of 
a  cost-effective  stabilization  system  for  a  selected  aircraft-mounted  FUR/ 
gimbal  configuration. 


Figure  2  Folding  Mirror  Stabilization  Module  Concept 
in  AN/AAQ9  XA1  FUR 


Figure  3  Folding  Mirror  Stabilization  Module  Concept 
in  AN/AAQ9  XA2  FLIR 


SECTION  II 


ACCOMPLISHMENTS 


The  FUR  High  Frequency  Stabilization  Study  Program  successfully 
accomplished  the  program  objectives  of  high-frequency  internal  stabilization 
to  existing  or  modular  FLIR  systems.  Significant  accomplishments  included 

•  Demonstration  of  satisfactory  I ine-of-sight  stabilization 
from  30  to  over  300  Hz  by  a  gimbaled  stabilization  mirror 

•  Design  of  a  low-cost  stabilization  mirror  with  a  500-Hz 
natural  frequency  that  is  suitable  for  use  in  relatively 
severe  three-axes  translational  vibration  environments 

•  Demonstration  of  stabilization  mirror  drive  systems  with 
linear  characteristics  and  low  noise  levels  throughout  a 
bandwidth  of  30  Hz  to  1  kHz. 

The  demonstration  of  satisfactory  I i ne-of-sight  stabilization  was 
made  by  subjecting  the  stabilization  mirror  to  applied  rotational  vibrations 
and  by  measuring  angular  deflection  of  the  mirror  using  a  laser  and  detector. 

A  general  view  of  the  test  setup  is  shown  in  Figure  5.  The  rotational 
vibrations  were  applied  about  a  single  axis  (vertical),  were  sinusoidal  in 
form,  and  were  representative  of  the  expected  aircraft  environment. 

The  design  of  the  low-cost  stabilization  mirror  made  use  of  an 
aluminum  honeycomb  substrate  for  a  replicated  piano  mirror,  piezoelectric 
drivers,  and  a  ball/socket  pivot  at  the  mirror  center  of  gravity.  These 
component  parts  for  the  laboratory  demonstration  breadboard  are  shown  in 
Figure  6.  By  using  already  developed  aluminum  honeycomb  structures  for  the 
mirror  substrate,  both  the  mirror  stiffness  and  moment  of  inertia  requirements 
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could  be  met.  To  avoid  degradation  of  the  FUR  optical  performance,  the 
mirror  must  be  sufficiently  stiff  to  keep  the  mirror  surface  deflections 
within  acceptable  limits  when  exposed  to  linear  vibration  environments.  The 
peak  severity  of  the  linear  vibration  environment  for  this  study  was  20  g 
and  105  Hz.  To  obtain  a  relatively  high  (500  Hz  or  higher)  natural  frequency 
of  the  mirror/driver  system,  a  low  mirror  moment  of  Inertia  is  required, 
limited  by  the  driver  characteristics.  With  the  pivot  at  the  mirror  center  of 
gravity,  the  three-dimensional  linear  vibration  environment  has  no  effect  upon 
the  mirror  position  or  motion.  This  decouples  the  mirror  stabilization  drive 
system  from  the  linear  vibration  environment. 

The  demonstration  of  the  stabilization  mirror  drive  system,  with 
linear  characteristics  and  low  noise  levels  throughout  a  bandwidth  of  30  Hz  to 
1  kHz,  required  a  suitable  angular  displacement  sensor.  The  noise  spectrum 
characteristics  of  such  a  sensor  are  shown  in  Figure  7.  The  broadband  (30  Hz 
to  1  kHz)  rms  noise  level  is  less  than  1  microradian.  Since  the  sensor  out¬ 
put  is  lin?ar  between  30  Hz  and  1  kHz,  with  a  negligible  phase  shift,  it  can 
be  used  directly  to  control  the  power  amplifier  of  the  mirror  driver.  The 
mirror  stabilization  system  broadband  noise  (including  the  noise  spikes  at 
multiples  of  60  Hz  attributed  to  the  laboratory  environment)  was  approxi¬ 
mately  5  microradians.  This  level  Is  sufficiently  low  to  achieve  the  desired 
I ine-of-sight  stabilization  value  of  7-1/2  microradians  rms,  under  applied 
vibration  amplitudes  of  150  microradians  rms.  A  typical  I ine-of-sight  stabil¬ 
ization  spectrum  is  shown  in  Figure  8. 


t 
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Figure  7  S-D  Angular  Displacement  Sensor  Noise  Spectrum 


SECTION  III 


EVALUATION  OF  STABILIZATION  TECHNIQUES 

1.  STABILIZATION  REQUIREMENTS 

Stabilization  requirements  are  summarized  below. 

•  Seven  microradians  I ine-of-sight  stabilization 

•  No  significant  boresight  shift  between  stabilized  and 
unstabilized  operational  state 

•  Vibration  environment — translational 

sinusoidal  amplitude  versus  frequency — Figure  9A 
random  vibration — Figure  9B 

•  Temperature  environment 

within  specification  0  to  +44°C 
Startup  -54  to  +44°C 

Thermal  shock  3  degrees/second 

Minumum  telescope  modifications 
Compatibility  with  two  FLIRS 

Low-frequency  stabilization  from  DC  up  to  the  5  to  10  Hz  region  would  be 
provided  by  the  FUR  gimbal  system. 

The  stabilization  technique  should  emphasize  economy  in  materials, 
fabrication,  and  integration  with  currently  existing  and  modular  FUR  designs. 
Assurance  of  reliable  operation  in  extreme  temperature  environments  is 
essential.  An  economical  production  design  shall  be  considered  in  implement¬ 
ing  the  design-to-cost  considerations. 

2.  FLIR  RESPONSE  TO  A  LINEAR  VIBRATION  ENVIRONMENT 

When  a  Forward  Looking  Infrared  (FLIR)  system  is  mounted  on  an 
aircraft,  the  FLIR  sensor  becomes  subject  to  applied  vibrations.  This  results 
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in  angular  vibratory  movements  of  the  FLIR  sensor.  The  effect  of  such  vibra¬ 
tions  on  the  FLIR  modulation  transfer  function  (MTF)  has  been  described  by  the 
fol lowing  equation: 


(1) 


where 

a  =  rms  amplitude  of  random  rotational  vibration  (radian) 

6  =  IR  detector  angular  subtense  (radian) 

fi  =  FLIR  nominal  spatial  frequency,  cycles/radian 

The  resulting  MTF  degradation  for  different  FLIR  resolution  values  is  shown 
in  Figure  10.  This  figure  clearly  illustrates  the  requirement  for  increased 
stabilization  of  the  FLIR  as  the  resolution  increases.  Ten  microradian  rms 
stabilization  with  0.1  microradian  resolution  provides  an  MTF  degradation  of 
5  percent,  while  7  microradian  stabilization  provides  3  percent  MTF  degradation 
with  0.1  microradian  FLIR. 

The  disturbing  motions  that  degrade  picture  quality  through  angu¬ 
lar  motion  of  the  line  of  sight  stem  from  several  sources.  The  lower  frequen¬ 
cies  are  dominated  by  aircraft  motions  stemming  from  turbulence  and  from 
aerodynamic  oscillations.  These  low  frequencies  are  generally  compensated  for 
by  the  servo  system.  In  the  midfrequency  range,  the  disturbances  are  domin¬ 
ated  by  the  angular  vibration  of  the  aircraft  structure,  and  by  interactions 
between  linear  structural  vibration,  the  FLIR  mounting  structure,  and  the 
gimbal  system.  Higher-frequency  disturbances  generally  result  from  some 
internal  disturbance  within  the  sensor,  such  as  mass  unbalance  of  a  motor  or 
rotor,  or  are  structurally  transmitted  harmonics  from  some  part  of  the  air¬ 
craft. 

The  aircraft  vibrational  environment  is  generally  given  in  terms 
of  a  translatory  vibration.  Clearly,  translational  motion  of  the  line  of 
sight,  in  itself,  does  not  adversely  affect  the  FLIR  imagery.  However,  such 
a  translatory  vibration  applied  to  a  FLIR  mounting  structure  can  cause 
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rotational  vibratory  movements  to  appear;  these  movements  adversely  affect  the 
FLIR  imagery,  and  must  be  attenuated.  To  establish  rotational  coupling  levels 
and,  therefore,  the  attenuation  performance  required  of  a  FUR  high-frequency 
stabilization  system,  the  model  presented  in  Figure  II  is  used.  This  model 
establishes  a  rotational  coupling  to  the  applied  translational  vibration 
by  treating  the  FUR  as  though  it  were  mounted  on  the  free  end  of  a  weightless, 
inertia-less  cantilevered  beam  with  the  input  translatory  vibration  environment, 
applied  to  the  "fixed"  end  of  the  cantilevered  beam.  The  resultant  FUR  rotation 
is  the  sum  of 

(1)  the  rotational  response  to  the  FUR  mass-unbalance  about 
the  gimbal  axis; 

(2)  the  forced  rotation  of  the  FLIR  about  the  gimbal  axis  resulting 
from  the  angular  rotation  of  the  "free"  end  of  the  deflected  anti  lever  beam 
acting  through  the  FUR  servo  system. 

The  equation  developed  to  express  the  FLIR  angular  motion  response  to 
an  applied  linear  vibration  included  both  of  these  two  causes  of  rotation  and 
the  effects  of  the  pertinent  parameters  within  each.  Dominant  factors  include 
the  polar  moment  of  inertia  of  the  FLIR,  the  magnitude  of  the  FLIR  mass  unbal¬ 
ance  about  the  gimbal  axis,  and  the  length  of  the  equivalent  cantilever  beam 
of  the  FLIR  gimbal  mount.  The  equation  is  given  below: 


The  parameters  in  this  equation  are: 

0  =  angular  amplitude  of  the  FLIR  vibration 

X  =  amplitude  of  the  applied  linear  vibration 

U|  =  ratio  of  applied  linear  vibration  frequency  to  the  natural 
frequency  of  the  gimbal  axis  (  f / f ^  ) 

L^  =  ratio  of  applied  linear  vibration  frequency  to  the  natural 
frequency  of  the  gimbal  mount  (  f /f _  ) 
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Figure  11  Model  Of  FLIR  Sensor  Vibrational  Motion 


=  per-unit  critical  damping  of  the  gimbal  servo 
^2  =  per-unit  critical  damping  of  cantilever  FUR  mount 
l  =  length  of  the  cantilever  FUR  mount 
Tg  =  radius  of  gyration  of  the  FUR  about  the  gimbal  axis 
Y  =  offset  of  FUR  center  of  gravity  from  gimbal  axis 

j  =  /T 

To  establish  rotational  coupling  levels  and  the  required  attenua¬ 
tion  performance  (Equation  2),  the  following  "typical"  values  for  the  various 
"fixed"  parameters  of  a  FUR  installation  were  selected  based  upon  AESC 
experience: 

fj  =  0.87  Hz 

C  i  -  0.5 


l  ■  2.0  ft 

r  =  0.71  ft 
9 

Y  =  0.01  ft 

2 

The  value  of  FUR  mass  used  was  1.55  lb  sec  /ft 


The  variable  parameters  in  the  formula  were  the  applied  linear 
vibration  amplitude  (X)  and  frequency  (f)  and  the  gimbal  mount  natural  fre¬ 
quency  (fg).  The  values  used  in  calculating  the  FUR  angular  vibration 
amplitude  and  the  attenuation  performance  required  of  the  high  frequency 
stabilization  system  were: 


Apr  led  vibration  -  X  and  f 

i  0.018  in.  to  105  Hz 
20  g  105  to  300  Hz 

FUR  mount  natural  frequency  (f^) 
20  to  300  Hz. 


The  results,  derived  to  set  baseline  design  requirements  for  the 
high-frequency  stabilization  system,  are  plotted  In  Figures  12  and  13. 
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Figure  13  Required  Attenuation 
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Amplitudes  versus  applied  frequencies  were  calculated  for  three 
different  natural  frequency  mounts,  namely,  30  Hz,  60  Hz,  and  105  Hz.  These 
amplitudes  are  shown  by  the  three  solid-line  curves  in  Figure  12.  Since  the 
design  and  natural  frequency  of  the  actual  FUR  mount  has  not  been  established, 
it  was  assumed  that  it  may  be  anywhere  between  20  and  300  Hz.  Consequently, 
the  stabilization  design  requirements  were  established  as  the  locus  of  the 
vibrational  amplitudes  at  the  mount  resonant  frequencies,  throughout  the 
possible  range  of  mount  natural  frequencies  from  20  to  300  Hz.  This  locus 
is  shown  by  the  dotted  line,  and  represents  a  worst-case  design  criteria. 

The  desired  stabilization  amplitude  of  7  microradians  is  indicated  by  the 
dashed  line. 

The  attenuation  required  to  reduce  the  worst-case  vibrational 
amplitudes  to  the  7-microradian  desired  stabilization  as  a  function  of  fre¬ 
quency  is  shown  by  the  solid  line  in  Figure  13.  The  attenuation  versus  fre¬ 
quency  required  for  a  specific  mount  with  a  60-Hz  natural  frequency  is 
indicated  by  the  dashed  line.  The  solid  line  was  taken  as  the  stabilization 
system  design  requirements  for  this  program. 

3.  REVIEW  OF  STABILIZATION  TECHNIQUES 

a.  Techniques  of  Optical  System  Image  Stabilization 

In  the  following  review  and  analysis  various  methods  of  optical 
system  image  stabilization  are  discussed.  The  methods  described  may  be 
applied  to  either  the  IR  optics  or  the  vidicon  visual  optics. 

(1)  Gimbaled  Folding  Mirrors 

Gimbaled  folding  mirrors  are  prime  candidates  for  providing 
the  required  stabilization.  This  technique  is  the  simplest,  and  has  the  most 
universal  application  potential  since  all  candidate  FLIRs  have  folding  mirrors 
located  somewhere  in  their  optical  systems.  Thus,  an  image  motion  compen¬ 
sating  mirror  may  be  substituted  for  the  normal  folding  mirror,  or  included 
in  the  main  scanning  mirror  system,  without  affecting  the  optical  system.  No 
aberrations  are  introduced  and  no  change  in  the  other  optical  elements  is 
required.  Recent  developments  in  the  art  of  replicated  piano  mirrors  on 
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aluminum  honeycomb  substrates  offer  an  inexpensive  lightweight  mirror  construc¬ 
tion.  The  mirror  mass  properties  combined  with  the  small  required  motion  permit 
the  use  of  piezoelectric  drivers  with  their  small  size  and  high  natural  fre¬ 
quency.  Potential  applications  to  two  FLIR  optical  systems  are  illustrated  in 
Figure  14.  The  principal  of  the  gimbaled  folding  mirror  is  shown  in  Figure  15. 

(2)  Doublet  Lens 

Image  motion  can  be  compensated  for  by  using  a  doublet  lens  (Figure 
16)  wherein  the  relative  motion  between  lens  elements  is  controlled.  This 
technique,  however,  would  require  modifications  to  the  FLIR  optical  design  to 
accept  the  optical  element  and  driver  package.  In  the  FLIR  configurations 
considered,  no  simple  substitutions  for  existing  optical  elements  were  identi¬ 
fied.  Thus,  this  technique  would  require  additional  optical  elements  and  a 
modification  of  the  present  optical  system  configuration  and  parts. 


(3)  Oscillating  Skew  Plates 

Oscillating  piano  skew  plates  (Figure  17)  can  produce  movement 
of  the  image.  The  basic  problem  in  the  IR  optics  is  the  magnitude  of  the 
thickness  and  the  angular  motion  required  to  achieve  the  required  level  of 
image  motion  compensation.  Because  of  the  need  for  an  accessible  location  in 
the  optical  system  to  introduce  a  new  optical  element,  and  because  the  skew 
plate  can  add  aberrations  in  the  optical  system,  this  technique  was  considered 
a  less  suitable  candidate  than  the  mirror  in  the  IR  optics.  The  method  be¬ 
comes  feasible  in  the  visual  optics,  however,  wherein  a  skew  plate  may  be  used 
to  vary  the  apparent  position  of  the  LED  units  in  response  to  the  commands 
from  a  motion  sensor.  A  hybrid  system  using  a  skew  plate  in  the  LED  optics, 
and  a  single-axis  gimbaled  folding  mirror  in  the  IR  optics  was  studied 
as  an  alternate  concept. 

(4)  Variable-Angle  Prisms 

Variable-angle  prisms  (Figure  18)  are  not  capable  of  providing 
the  high-frequency  response  required  with  a  high  IR  optical  transmission 
efficiency.  Their  use  would  require  modifications  to  the  existing  optical 
systems  to  accept  the  new  optical  element  and  to  permit  adjustments  for 
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•  DECREASE  IN  FLIR  OPTICAL  SYSTEM  TRANSMISSION  EFFICIENCY 

AND  OPTICAL  QUALITY 

•  VARIABLE  ZOOM  REQUIRES  OPEN  LOOP  STABILIZATION  SYSTEM 
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SKEW  PLATE  ROTATIONAL  AMPLITUDE 
SKEW  PLATE  THICKNESS 
-1  /sin  A\ 


sin 
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SKEW  PLATE  INDEX  OF  REFRACTION 


•  GYROSCOPIC  CONTROL  THROUGH  ELECTRONIC  DRIVERS 

CAN  BE  READILY  PROGRAMMED  FOR  DIFFERENT  ZOOM 
RATIOS 

APPLICATION 

•  PRIMARILY  TO  SMALL  DIAMETER  SECTIONS  OF  THE  OPTICAL 

SYSTEM  RAY  BUNDLES  TO  EITHER  THE  VIEWING  VIDICON 
OR  IR  DETECTOR  OPTICAL  SYSTEMS  IN  CONVERGING  BUNDLE 

FUR  SYSTEM  MODIFICATIONS 

•  CHANGES  IN  OPTICAL  SYSTEM  DESIGN  AND  PACKAGING 

CONFIGURATION  REQUIRED  TO  ACCEPT  THE  OPTICAL 
ELEMENTS  AND  THEIR  DRIVERS 

LIMITATIONS 

•  DECREASE  IN  FUR  OPTICAL  SYSTEM  TRANSMISSION 

EFFICIENCY  AND  OPTICAL  QUALITY 

•  OPEN  LOOP  STABILIZATION  SYSTEM 


Figure  17  Oscillating  Skew  Plate 
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DESIRABLE  FEATURES 

•  GYRO  CONTROL  THROUGH  ELECTRONIC  DRIVERS  CAN  BE  READILY  PROGRAMMED 

FOR  ZOOM  CONTROL 
APPLICATION 

•  PRIMARILY  TO  SMALL  DIAMETER  SECTIONS  OF  THE  OPTICAL  SYSTEM  RAY 

BUNDLES  TO  EITHER  THE  VIEWING  V  ID  ICON  OR  IR  OPTICAL  SYSTEMS 
FUR  SYSTEM  MODIFICATIONS 

•  CHANGES  IN  OPTICAL  SYSTEM  DESIGN  TO  ACCEPT  THE  OPTICAL  SYSTEM  AND 

DRIVE 

LIMITATIONS 

•  FREQUENCY  RESPONSE  LIMITED 

•  DECREASE  IN  FLIR  OPTICAL  SYSTEM  TRANSMISSION  EFFICIENCY  AND 

OPTICAL  QUALITY 

•  OPEN  LOOP  STABILIZATION  SYSTEM 


Figure  18  Variable  Angle  Prism 


changes  in  the  overall  system  optical  path  length.  Consequently,  this  method 
was  considered  less  desirable  than  the  oscillating  mirror. 

(5)  Inertially  Stabilizaed  Optical  Elements 

The  ideal  method  for  image  stabilization  would  be  the  use  of  an 
optical  element  which  could  be  inertially  stabilized,  using  its  own  inertia 
to  aid  in  stabilization.  Such  an  element  would  provide  wide  bandwidth  stabil¬ 
ization  with  a  minimum  of  controls.  Unfortunately,  mirror  and  prism  tech¬ 
niques  which  provide  this  capability  would  require  drastic  changes  in  the 
optical  systems,  and  would  not  be  amenable  with  a  multiple  f  ield-of-view 
sensor.  An  example  of  this  type  is  the  gimbaled  prism  shown  in  Figure  19. 

b.  Techniques  of  Electronic  Stabilization 
(1)  Display  Stabilization 

Display  stabilization  may  be  achieved  using  standard  TV  display, 
as  shown  in  Figure  20.  In  this  method,  the  pulse  phase  of  the  horizontal  and 
vertical  sync  pulses  is  varied  in  response  to  FLIR  angular  motions  sensed  by 
a  gyro.  There  is  a  frequency  response  limit  in  this  system.  The  horizontal 
line  rate  of  15,750  Hz  is  high  enough  to  achieve  adequate  horizontal  stabili¬ 
zation;  however,  the  60-Hz  vertical  field  rate  precludes  stabilization  at 
frequencies  higher  than  about  30  Hz  in  the  vertical  direction.  Thus,  a 
serial  scan  FLIR  would  require  an  optical,  I  ine-of-sight  stabilization  system 
in  the  vertical  direction. 

A  parallel  scan  FLIR,  with  light-emitting  diode  (LED)  or  digital 
scan  conversion  to  TV  format,  could  not  use  TV  display  stabilization  because 
the  vidicon  scan  format  differs  from  the  FLIR  scan  format.  Because  the  scan 
converfers  display  the  scene  slightly  later  than  real  time,  any  sensing  of 
sensor  motion  and  application  of  direct  stabilization  correction  to  the 
display  will  provide  an  erroneous  stabilization  value.  Thus,  for  the 
parallel  scan  system,  stabilization  must  be  provided  prior  to  the  vidicon. 
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DESIRABLE  FEATURES 

•  INERTIAL  STABILIZATION 

•  CLOSED  LOOP  STABILIZATION  SYSTEM 
APPLICATION 

•  IR  OR  VIDICON  OPTICAL  SYSTEMS 
FLIR  SYSTEM  MODIFICATIONS 

•  CHANGES  IN  OPTICAL  SYSTEM  DESIGN  TO  ACCEPT  OPTICAL  ELEMENT 

AND  GIMBAL 
LIMITATIONS 

•  VARIABLE  ZOOM  PRISM  MUST  BE  MCVED  IN  THE  OPTICAL  SYSTEM 

•  DECREASE  IN  FLIR  OPTICAL  SYSTEM  TRANSMISSION  EFFICIENCY  AND 

OPTICAL  QUALITY 


Figure  19  Gimbaled  Prism 
-30- 


m 


I  i‘3 

'i  Kf: 


t  >< 
Sj  V?  U_ 

>  O  x 
— 

CO  U-  5 


<  ti 

_  CQ 
— J 

St 


<  o 

-E 

1/1 

5  o 

>  CL 


O 

£ 

Sg 

i/I  o 

3“ 

ag 

U.  (_> 


±  o 

H  ^ 
Z  C£ 

LU  LU 


2  * 

<c  2 

0£  o 

<  Z 

:i 

CQ  H- 

§S 

i=  =>  o 

5  ^ 

=  g“- 

3: 

t  £  u_ 

_,  <  O 


O  ^ 
N  — 


iJT 


Li 


g  ^  0 

2fc=§ 

<  o  2 

M5P= 

-^LU 

^<3 


c n 

h-  O 

<  — 


K  O 

o  o 
*— *  m 


e  1 


d  - 

O'  Uj 


O 

“  O 

>  < 

o 

a  5 
°=  Q 
§  25 

(/l  Cd 

•  • 


I—  o 

s  • 


c/i  I  <-> 


<  o 

o  o; 

Lt.  o 

q  a 

O  LU 


S  9= 


^  c/> 

£  • 


m 

c/1  X 

2£  8 


<  Q 


*±i  £ 

2  £ 


g  £ 


<  C/1 


<  <  O 

o  o  — 

-J  2 

Q-  (V  LU 

Q-  lu  Q- 

<  >  o 


iL,..  .. 


' 


■■  . 


(2)  Vidicon  Focal  Plane  Stabilization 

Stabilization  by  applying  corrective  displacements  to  the  Instan¬ 
taneous  sampling  position  on  the  vidicon  target,  as  illustrated  in  Figure  21, 
will  not  accomplish  FLIR  I  i ne-of-sight  stabilization.  The  vidicon  integrates 
the  scene  on  the  vidicon  target  plane;  thus,  if  the  image  is  not  stabilized 
prior  to  the  vidicon,  the  resultant  integrated  image  will  be  blurred.  There 
is  no  reasonable  processing  method  to  de-blur  such  an  image. 

c.  Hybrid  Stabilization  Techniques 

(1)  Electronic  Scar  Converter  Stabilization 

If  the  LED/vidicon  scan  converter  is  replaced  by  an  electronic 
scan  converter,  stabilization  parallel  to  the  scan  direction  can  be  obtained 
by  phase  modulating  the  scan  converter  sampling  rate.  This  system  would  be 
used  in  combination  with  optical  stabilization  perpendicular  to  the  scan 
d i rect Ion. 


Electronic  scan  converters  using  charge-coupled  device  (CCD)  or 
digital  techniques  normally  strobe  the  outputs  of  detectors  into  storage  units 
at  a  predetermi ned  rate.  This  rate  is  under  the  control  of  a  fixed-frequency 
oscillator.  By  phase  modulating  the  oscillator  output,  in  accordance  with  the 
FLIR  I i ne-of-sight  displacement,  the  position  of  the  scene  samples  to  be 
stored  in  the  CCD  or  digital  storage  array  can  be  shifted  to  match  the 
instantaneous  I i ne-of-si ght  position.  In  this  manner,  stabilization  in  the 
direction  of  scan  may  be  accomplished. 

Stabilization  perpendicu lar  to  the  scan  must  be  accomplished 
optically  because  the  maximum  electronic  vertical  stabilization  frequency  is 
limited  by  the  TV  frame  rate  of  30  Hz.  To  accomplish  this  stabilization,  the 
folding  mirror  may  be  gimbaled  and  driven  about  one  axis,  as  previously  discussed. 

(2)  LED-Vidicon  Scan  Converter  Stabilization 

In  this  configuration,  stabilization  parallel  to  the  scan  direc¬ 
tion  can  be  obtained  by  optical  means  in  the  LED-vidicon  optics,  and  stabili¬ 
zation  perpendicular  to  the  scan  can  be  obtained  by  optical  means  in  the  IR 
optics.  This  can  be  accomplished  by  using  a  single-axis  gimbaled  skew  plate 
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•  INTEGRATION  TIME  OF  VIDICON  BLURS  IMAGE  PRIOR  TO 
STABILIZATION 


In  the  visual  optic  system  and  a  single-axis  gimbaled  folding  mirror  in  the 
IR  optic  system,  as  illustrated  In  Figure  22. 

4.  TECHNIQUE  SELECTION  FOR  LABORATORY  DEMONSTRATION 
BREADBOARD  MODEL 

a.  Selection  Criteria 

In  the  evaluation  of  the  candidate  techniques  for  high-frequency 
stabilization,  consideration  was  given  to  the  following  factors: 

•  Appl icabi I ity 

•  Zoom  adaptability 

•  FLIR  mod i f i cat  ions 

•  Optical  system  degradation 

•  Stabilization  performance 

•  Type  of  system 

Primary  weight  in  the  evaluation  was  given  to 

•  Adequate  stabilization  performance  capability 

•  Universal  applicability  to  existing  and  modular  FLIR 

•  Feasibility  and  ease  of  adding  to  existing  and 
modular  FLIRs  1 

•  Cost 

In  the  evaluation  of  applicability,  if  the  technique  was  only 
applicable  to  a  serial  scan  or  to  a  parallel  scan  FLIR,  but  not  to  both,  it 
was  not  considered  to  be  an  acceptable  candidate. 

Because  the  FLIRs  involved  have  a  step  zoom  or  a  potential  variable- 
zoom  capability,  it  was  important  that  the  stabilization  technique  be  readily 
adaptable  to  the  zoom  requirements. 

The  extent  of  the  modifications  necessary  to  integrate  the  stabil¬ 
ization  technique  into  the  FLIR  was  considered  to  be  of  prime  importance. 


Figure  22  Scan  Stabilization  By  An  Optical  Skew  Plate 


Any  redesign  of  other  parts  or  modules  of  the  FLIR  to  accommodate  the  stabil¬ 
ization  system  should  be  held  to  a  minimum.  Also,  it  was  considered  important 
to  maintain  the  external  envelope  of  the  FLIR. 

Any  degradation  of  the  optical  system  was  to  be  avoided.  The 
addition  of  optical  elements  would  cause  degradations  in  image  quality  or 
sensitivity  and  possibly  introduce  other  undesirable  effects.  Consequently, 
a  technique  that  did  not  change  the  optical  system  design  was  considered 
better  than  one  that  requ i red  additional  optical  elements. 

The  adequacy  of  ttie  stabilization  performance  was  the  primary 
criterion  in  this  area.  Techniques  that  were  limited  in  frequency  or  by 
quantization  steps  of  sufficient  magnitude  to  significantly  degrade  the  image 
MTF  were  considered  unacceptable. 

The  techniques  were  separated  into  two  types:  one  was  inherently 
inertial ly  stabilized,  and  the  other  required  driving  with  respect  to  inertial 
space  to  effect  the  stab i I i zat ion, ’ ; The  latter  type  was  called  a  "feed¬ 
forward"  system.  If  two  techniques  were  equal  in  every  other  respect,  the 
inertial ly  stabilized  system  would  be  preferable  to  the  feed-forward  system. 

b.  Evaluation  and  Selection 

A  listing  of  the  candidate  techniques  and  the  rating  of  the  factors 
is  given  in  Table  1.  From  this  listing,  the  gimbaled  folding  mirror  was 
selected  for  the  laboratory  demonstration  breadboard  model. 

This  technique  was  applicable  to  both  FLIRs.  By  changng  the  mirror 
driver  scale  factor,  the  step  zoom  stabilization  requirements  could  readily 
be  met.  The  FL I R  mod i f icat ions  were  minimal;  a  stabilization  folding  mirror 
module  could  be  substituted  for  the  existing  fixed  folding  mirror  modules. 

No  change  in  the  optical  system  was  required.  A  moving  piano  mirror  could  be 
substituted  for  a  fixed  piano  mirror.  The  movements  of  the  gimbaled  folding 
mirror  about  two  orthogonal  axes  could  provide  the  degree  of  stabilization 
required  without  degrading  the  performance  of  the  optical  systems.  The 
system  is  a  "feed-forward"  system,  but  the  stability  charac+er istics  of  the 
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TABLE  1.  EVALUATION  SUMMARY 


Candidate 
stab! 1 ization 
technique 

Appl icabl lit/ 

Zoom 

adaptabl 1 ity 

FLIR 

modifications 

Optical  system 
degradation 

Stab! 1 i zat Ion 
performance 

Type 

system 

Relative 

rating 

Optica  1 

Gtmbal ed 

folding 

mirror 

Both  FLIRs 

Simple  - 
scale  factor 

Simple  - 
replacement 
of  folding 
m  i  rror 

None 

Adequate 

Feed 

Forward 

I 

Glmbaled 
doub i et 
lens 

Both  FLIRs 

Simple  - 
scale  factor 

Major  - 
design 
changes 
optical  and 
mechanical 

Image  qual Ity 
and  trans¬ 
mission 

Adequate 

Feed 

Forward 

Glmbaled 
skew  plate 

Both  FLIRs 

Simple  - 
scale  factor 

Major  - 
design 
changes 
optical  and 
mechanlca 1 

Image  qual Ity 
and  trans¬ 
mission 

Adequate 

Feed 

Forward 

Variable- 

angle 

prism 

Both  FLIRs 

Simple  - 
scale  factor 

Major  - 
design 
changes 
optical  and 
mechanical 

Image  qua  1 Ity 
and  trans¬ 
mission 

Frequency 

1 I ml ted 

Feed 

Forward 

Glmbaled 

prism 

Both  FLIRs 

Complex  - 

position 

change 

Major  - 
design 
changes 
optical  and 
mechanical 

Image  qual ity 
and  trans¬ 
mission 

Good 

Inertial 

Electronic 

Display 

IR-serlal 
scan  only 

Simple  - 
scale  factor 

None  - 

simple  addi¬ 
tion  to 
display 

None 

Inadequate 

30  Hz  verti- 
ca  1 

Feed 

Forward 

V 1  d 1 con 
focal  plane 

E/0  scan 
converter 
con f igu ra¬ 
tions 

Simple  - 
scale  factor 

None  - 

simple  addi¬ 
tion  to 
v i d i con 

None 

Inadequate  - 
v Id  icon  image 
blurred  before 
stab! 1 ization 

Feed 

Forward 

Hybrid 

electronic 

scan 

converter 

Both  FLIRs 

Simple  - 
scale  factor 

Simple  - 
replacement 
of  folding 
m I rror 
add  scan 
converter 

None 

Adequate 

Feed 

Forward 

2 

LED-v Id  Icon 
scan 

converter 

IR  para  1  lei 
scan  only 

Simple  - 
scale  factor 

Simple  - 
replacement 
of  folding 
mirror 
add  1  axis 
skew  plate 

Minor 

image  qual Ity 
and  trans¬ 
mission 

Adequate 

Feed 

Forward 

Uton '  hhhhimi 
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electronic  components  indicated  acceptable  stability  in  the  overall  system 
performance.  Feedback  measurements  of  the  stabilization  mirror  motions  could 
be  made.  However,  such  measurements  would  be  subject  to  the  same  type  of 
variations  as  the  mirror  drive  system  itself,  due  to  electronic  component 
stability  characteristics.  Consequently,  it  was  recommended  that  the  initial 
performance  tests  be  made  without  any  feedback  in  the  stabilization  system. 


I 
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SECTION  IV 


LABORATORY  DEMONSTRATION  BREADBOARD  MODEL  DESIGN 


The  laboratory  demonstration  breadboard  model  was  a  stabilized 
mirror  system  comprising  the  following  major  parts: 


Gimbaled  mirror 


Mirror  driver 


Electronics 


The  gimbaled  mirror/dr iver  was  configured  for  ease  in  fabrication  and  suita¬ 
bility  for  mounting  in  the  laboratory  test  fixture.  The  motion  sensor  was  an 
available  prototype  that,  although  not  optimized  for  this  specific  applica¬ 
tion,  had  suitable  characteristics.  The  electronics  comprised  available 
laboratory  equipment  that  had  acceptable  characteristics. 


These  major  parts  are  discussed  in  more  detaTT  lowing 


pa ragraphs 


1 .  GIMBALED  MIRROR 


The  primary  requirements  for  the  gimbaled  mirror  included 


a.  Mirror  Structure 


Adequate  stiffness  to  maintain  the  required  optical 
flatness  under  dynamic  loads  imposed  by  the 
vibration  environment  as  well  as  those  from  the 
stabilization  driver 


Sufficiently  low  moment  of  inertia  so  the  mirror/ 
driver  system  would  have  a  natural  frequency  of 
approximately  500  Hz  or  higher 


(3)  Adequate  geometric  stability  over  a  wide 
temperature  range. 

(2)  Mirror  Pivot 

(a)  Gimbal  axes  on  the  center  of  gravity  of  the  mirror 
so  the  linear  vibration  environment  would  cause  no 
mirror  rotation 

(b)  Sufficient  stiffness  in  the  gimbal  pivot  so  the 
mirror  surface  would  not  change  position  in  the 
optical  system  under  the  linear  vibration 

env i ronment 

(c)  Low  friction  in  the  gimbal  pivots. 

(3)  Cost 

(a)  Low  development  cost 

(b)  Low  production  cost. 

a.  Mirror  Structure 

An  aluminum  honeycomb  substrate  with  a  piano  replicated  optical 
mirror  surface  and  a  ball  and  socket  pivot  mounting  was  selected  as  best 
meeting  the  mirror  structure  requirements.  This  design  is  illustrated  in 
Figure  23. 

In  evaluating  the  mirror  material  and  construction,  the  following 
factors  were  considered: 

_ Factor _ 

Stiffness  versus  moment 
of  inertia 

Thermal  diffusivity 

Basic  material  cost 

Fabrication  technique 
status  of  development 


Design  Requirement 


High  stiffness 

High  natural  frequency 

mirror/drive 

Low  temperature  effects 

Low  production  cost 

Low  development  cost 


SUPPORT 


A  figure  of  merit  was  used  for  evaluating  the  stiffness  versus 
moment  of  inertia.  This  consisted  of  the  ratio  of  the  inertia  of  a  solid 
boam  of  the  material  to  the  stiffness  of  the  beam,  which  resulted  In  the 
relationship  of  p/E*^  where  p  is  the  density  and  E  is  the  modules  of  elas¬ 
ticity  of  the  candidate  material.  A  minimum  value  of  this  parameter  is  desired. 
The  relative  merit  of  various  solid  materials  and  the  honeycomb  aluminum  is 
given  i n  Table  2. 

TABLE  2 

RELATIVE  MERIT*  OF  MIRROR  MATERIALS 


Aluminum  honeycomb 

0.015 

Solid  materials: 

Beryllium 

0.019 

Magnes i urn 

0.034 

Quartz  : 

0.037 

Aluminum  » 

0.045 

German i urn 

0.081 

Steel 

0.096 

Brass 

0.124 

* 

The  figure  of  merit  represents  the  mirror 

inertia  for  a  given  level  of 

mirror  stiffness. 

From  Table  2  it  is  evident  that  the  honeycomb  aluminum  has  a 
better  figure  of  merit  than  solid  beryllium. 

The  thermal  diffusivity  of  aluminum  Is  higher  than  that  of  the 
other  candidate  mirror  materials.  This  assures  a  more  uniform  temperature 
throughout  the  mirror  structure,  which  in  turn  minimizes  any  distortions  of 
the  mirror  due  to  temperature  changes  and  transients.  Temperature  cycling 
tests  of  aluminum  honeycomb  substrates  with  replicated  mirror  optical 
surfaces  between  0°  and  150°C  have  shown  no  degradation  of  the  optical 
surface. 

The  techniques  of  fabricating  the  honeycomb  substrates,  as  well 
as  the  techniques  of  applying  the  replicated  optical  surface,  have  been 
developed.  This  was  demonstrated  during  the  procurement  of  the  mirror  for 


the  breadboard.  Consequently,  little,  if  any,  process  development  costs  would 
be  required  for  fabricating  mirrors.  The  basic  cost  of  the  materials  is 
relatively  low,  and  the  fabrication  process  is  relatively  simple. 

Aluminum  honeycomb  substrates  with  replicated  optical  surfaces 
offer  low-cost  mirrors  which  are  better  than  beryllium,  in  terms  of  relative 
merit. 

The  breadboard  test  model  mirror  was  based  upon  a  4  in.  x  4  in. 
aluminum  honeycomb  substrate  because  tooling  was  available  for  this  size. 

This  mirror  would  fit  the  size  requirements  for  the  AN/AAQ9  XA2  FUR.  Two 
features  of  its  design  were  exploratory.  One  was  the  insertion  of  a  solid 
core  for  the  mounting  pivot,  and  the  second  was  the  thinness  of  the  top  and 
bottom  plates.  They  were  made  intentionally  thin  to  reduce  the  moment  of 
inertia;  The  question  was  whether  or  not  the  internal  structure  of  the 
central  core  and  the  honeycomb  pattern  would  show  through  the  replicated 
piano  optical  mirror  surface. 

The  replicated  surface  of  the  mirror  had  an  excellent  optical 
quality,  as  indicated  by  Figure  24  which  shows  the  refelctton  of  a  NBS  reso¬ 
lution  chart.  Photographs  of  interferometer  patterns  showing  the  flatness  of 
the  mirror  surface  are  presented  in  Figure  25.  The  patterns  along  both  the 
XX  axis  and  the  YY  axis  are  90  degrees  from  each  other.  The  mirror  flatness 
is  within  one  fringe  throughout  the  oval  footprint  of  the  optical  ray  bundle 
of  the  FUR  optical  system. 

To  determine  the  extent  that  the  honeycomb  core  of  the  mirror 
substrate  and  the  solid  boss  for  the  pivot  showed  through,  the  mirror  surface 
plane  was  adjusted  so  that  the  entire  surface  was  within  one  interference 
fringe.  The  honeycomb  core  was  not  apparent,  and  the  surface  variation  over 
the  solid  pivot  boss  was  negligible,  as  indicated  by  the  photograph  in 
Figure  26. 
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B.  Along  YY  Axis 


Figure  25  Mirror  Surface  Interferometer  Pattern 


b.  Mirror  Pivot 

To  best  meet  the  requirements,  a  ball  and  societ  pivot  at  the 
mirror  center  of  gravity  was  selected.  This  design  is  illustrated  in 
Figure  23. 

The  requirement  of  a  two-axis  gimbal  at  the  mirror  center  of 
gravity  more  or  less  dictated  the  ball  and  socket  pivot.  The  size  needed  to 
be  minimal  to  avoid  degradation  of  the  piano  mirror  surface. 

To  avoid  the  problem  of  static  "break-away"  friction  in  combina¬ 
tion  with  the  subsequent  lower  magnitude  of  sliding  friction,  neoprene  pads 
were  clamped  between  the  pivot  ball  and  the  socket  shoes.  These  clamped 
washers  acted  as  a  torsional  spring  connection  between  the  pivot  and  the 
mirror  with  some  hysteresis,  which  provided  a  degree  of  damping  to  the 
dynamic  system.  The  dynamic  characteristics  of  the  mi rror/dr i ver  system 
followed  the  classical  dynamic  amplification  factor  curve  for  a  second-order 
system  with  a  5  of  0.014,  as  indicated  by  Figure  27. 

The  degree  of  compression  of  the  neoprene  pads  was  control  led  to 
give  a  sufficiently  high  lateral  spring  constant  to  maintain  the  mirror  in 
place  in  the  optical  system  under  the  vibration  environment.  Static  loading 
tests,  performed  in  accordance  with  the  Engineering  Test  Plan,  showed  the 
axial  deflections  expected  under  the  peak  linear  vibration  environment  of 
20  g  at  105  Hz  would  cause  a  translational  mirror  displacement  in  the  optical 
system  of  approximately  0.0002  in.  This  was  considered  to  be  satisfactory. 

2.  MIRROR  DRIVER 

The  primary  requirements  for  the  mirror  driver  included: 

1)  Driving  Capabilities 

(a)  Natural  frequency  of  the  mi rror/driver  system  of 
approximately  500  Hz  or  higher 

(b)  Sufficient  amplitude  of  mirror  motion. 
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2)  Characteristics 


(a)  Linearity  with  frequency  and  amplitude 

(b)  Low  hysteresis 

(c)  Stable  characteristics  with  respect  to 

temperature  and  time 

(d)  Long  life. 

3)  FLIR  Modification  Integration  Considerations 

(a)  Form  factor 

(b)  Weight. 

The  primary  candidate  drivers  for  the  stabilization  folding 

mi rror  were 

•  Magnetic  torquers 

•  Piezoelectric  benders 

•  Voice  co i I s. 

3ecause  the  magnetic  torquers  were  relatively  large  and  heavy 
and  had  a  poor  form  factor  for  fitting  into  the  FLIRs,  primary  consideration 
was  given  to  the  piezoelectric  bender  and  the  voice  coil.  The  piezoelectric 
bender  was  selected  as  the  mirror  driver.  The  physical  arrangement  to 
drive  the  mirror  about  two  axes  is  illustrated  in  Figure  28. 

a.  Driving  Capabilities 

To  provide  the  required  stabilization  mirror  performance,  the 
drivers  required  a  spring  constant  of  400  pounds/inch  with  a  0.0010  in. 
travel.  An  optical  analysis  of  the  narrow-f ield-of-view  system  of  the 
AN/AAQ9  XA2  indicated  a  mirror  motion  of  ±0.572  microradian  to  accomplish 
an  exact  image  position  correction  for  a  I ine-of-sight  vibration  of 


BENDER  ATTACHMENT  CLAMP-J 


STABILIZATION  MIRROR 


CONNECTOR 
BETWEEN  MIRROR 
AND  BENDER 


BENDER 


Figure  28  Laboratory  Breadboard  Stabilization  Mirror  Unit 


±150  microradians.  In  cases  where  the  mirror  rotational  axis  Is  not  normal 
to  the  optical  system  axis,  a  larger  physical  mirror  motion  about  the  canted 
axis  Is  necessary  to  obtain  the  required  effective  optical  system  mirror 
motion.  The  relationship  of  the  magnitude  of  the  applied  rotation  about  the 
canted  axis  to  the  effective  mirror  rotation  In  the  optical  system  U 

a* 

a  sin  3 


where 

a  =  applied  rotation  about  canted  mirror  rotational  axis 

gf  =  effective  mirror  rotation  in  optical  system 

3  =  angle  between  optical  axis  and  the  canted  mirror 
rotational  axis. 

In  the  laboratory  breadboard,  which  simulates  the  optical  system  of  the 
AN/AAQ9  XA2,  3  is  approximately  67  degrees.  This  results  in  a  required 
rotation  about  the  canted  mirror  rotational  axis  of  ±0.62  microradian  for 
complete  image  position  stabilization. 

Both  the  piezoelectric  bender  and  the  voice  coll  could  provide 
these  mirror  driving  capabilities.  The  voice  coll  has  potentially  the  capa¬ 
bility  for  significantly  larger  amplitude  of  travel  than  the  piezoelectric 
benders.  However,  the  voice  coil  has  the  following  operating  disadvantages: 

•  Heat  is  generated  in  the  coils  which  must  be  attached 
to  the  mirror 

•  Accurate  alignment  must  be  held  between  the  coils  and 
the  magnet 

•  Dirt  must  be  excluded  from  the  magnetic  air-gap 

By  contrast,  any  heat  liberated  in  the  piezoelectric  benders  has 
no  effect  upon  the  mirror,  no  accurate  alignment  of  the  mirror  position  with 
the  piezoelectric  benders  is  required,  and  the  drive  system  is  relatively 
insensitive  to  dirt. 
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b.  Characteristics 


Because  the  stabilization  system  is  planned  to  operate  without 
feedback,  the  linearity  and  stability  of  the  drivers  is  important.  The  voice 
coil  drive  force  characteristics  can  be  maintained  by  controlling  the  ampere 
flow  of  the  current,  rather  than  the  applied  voltage.  The  same  current  flow 
will  generate  the  same  force  whether  the  coil  is  hot  or  cold.  Also,  the 
magnitude  of  the  force  generated  is  directly  proportional  to  the  current  flow. 
However,  non-linear  can  be  encountered  due  to  magnetic  hystersis  and  magnetic 
flux  leakage. 


The  piezoelectric  element  also  has  a  direct  relationship  between 
the  applied  voltage  and  the  displacement,  as  indicated  by  the  test  data  in 
Figure  29.  It  has  a  scale  factor  with  temperature,  being  essentially  linear 
at  0.25  percent/°C  from  0°  to  44°C.  This  type  of  a  scale  factor  correction 
is  readily  built  into  a  system.  Maximum  achievable  displacements  of  a  piezo¬ 
electric  device  approach  0.010  in  (double  amolitude).  However,  there  are 
many  interactive  factors  affecting  a  design  application.  Consequently,  sing¬ 
ling  ojt  one  parameter  to  list  nominal  maximum  values  without  regard  to  other 
factors  that  may  be  involved  in  a  design  application  can  be  relatively 
meaningless. 

The  ceramic  used  in  the  breadboard  drivers  had  a  frequency  as 
well  as  amplitude  dependence,  as  indicated  by  the  test  data  shown  in  Figure 
30.  The  magnitude  of  this  dependency  can  be  reduced  by  the  selection  of 
ceramic  material  with  less  hysteresis  than  the  material  used.  It  would  be 
expected  that  a  voice  coil  driver  would  also  have  a  degree  of  frequency  and 
amplitude  dependence.  The  magnitude  would  be  dependent  upon  the  specific 
design. 

Long  life  can  be  expected  from  both  the  voice  coil  and  the 

piezoelectric  driver.  Current  AESC  flexural  mode  piezoelectric  devices  are 

g 

designed  for  reliable  service  to  10  cycles.  Voice  coils  do  not  require  any 
mechanical  flexure,  except  for  the  spring  to  establish  the  mi rror/dr i ver 
natural  frequency;  thus,  longer  life  can  be  expected  from  the  voice  coil  drive. 


-52- 


1075-1107 


D.C.  FIELD  (Volts/mil.) 


Figure  29  Displacement  Sensitivity  Versus  D-C  Electric 
Field  Strength  in  Ceramic 
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Figure  30  Figure  Displacement  Sensitivity  Versus  A-C  Electric 
Field  Strength  in  Ceramic 


A  vsice  coil  drive  design  was  made  to  compare  the  voice  coil  with 
the  piezoelectric  mirror  drive.  To  provide  a  fixed  "power  off"  position  for 
the  mirror,  a  force-spring  system  was  selected  which  resulted  in  the  configu¬ 
ration  shown  in  Figure  31.  In  this  design,  the  ball-and-socket  pivot  was  used 
to  position  the  mirror  in  an  optical  system.  The  pivot  was  located  at  the 
mirror  center  of  gravity  and  its  supporting  substructure,  wire  coils,  etc., 
so  that  the  mirror  would  not  be  affected  by  applied  translational  vibrations. 
In  the  design,  the  structure  supporting  the  wire  coils  could  not  be  directly 
attached  to  the  mirror  substrate  because  the  thermal  effects  from  the  heat 
generated  by  the  I  R  loss  in  the  coils  would  degrade  the  optical  quality  of 
the  piano  mirror.  Consequently,  a  light  but  stiff  supporting  structure  was 
added,  supporting  the  mirror  at  three  points  to  minimize  any  thermal  effects. 
Because  the  inertia  of  the  mirror  was  substantially  increased  by  the  added 
weight  of  the  coils  of  copper  wire  and  the  necessary  structure  to  hold  the 
wire  coils  and  to  thermally  isolate  the  mirror,  increased  force  in  the  drivers 
was  necessary  to  maintain  the  mi rror/dr i ver  natural  frequency. 

The  size  and  weight  of  the  voice  coil  magnets  were  dictated  by 
the  force  requirements,  resulting  in  magnets  2.0  in.  In  diameter  and  1.5  in. 
long.  The  weight  of  the  design  shown  was  calculated  to  be  7.8  lb,  compared 
with  2.3  lb  for  the  piezoelectric  design.  Currently,  there  is  no  apparent 
way  this  basic  size  and  weight  can  be  reduced. 

Magnetic  shielding  is  expected  to  be  required  with  a  magnetic 
drive  because  even  small  magnetic  fields  can  have  an  adverse  effect  upon  the 
low-level  FLIR  detector  signals.  On  the  other  hand,  the  electrostatic  fields 
of  the  piezoelectric  drive  would  have  no  effect. 

Because  of  the  size,  weight,  magnetic  shielding  requirements, 
and  relatively  complex  mirror  structure  required  by  the  voice  coil  drive,  the 
piezoelectric  drive  design  was  selected  for  the  laboratory  breadboard. 

The  trilaminar  bender  configuration  illustrated  in  Figure  32  was 
selected.  The  flexure  mode  element  consists  of  a  ceramic-aluminum-ceramic 


sandwich.  1+  was  designed  with  the  requisite  electrical  characteristics  needed 
to  result  In  a  flexure  of  the  bar  upon  application  of  a  voltage  to  the  two- 
terminal  input.  With  the  application  of  a  positive  voltage,  the  bender  will 
deflect  in  one  direction.  With  the  application  of  a  negative  voltage,  it  will 
bend  In  the  other  direction.  By  using  a  set  of  two  benders  to  drive  a  mirror 
axis,  the  effects  of  any  vibration  environment  upon  the  benders  are  balanced 
about  the  mirror  axis. 

The  ber.ders  are  connected  to  the  mirror  substrate  by  short  lengths 
of  0.010-In. -diameter  piano  wire.  This  provides  a  stiff  "push-pull”  connec¬ 
tion  with  adequate  flexibility  for  adapting  to  the  differential  lateral  and 
angular  movements  between  the  bender  bar  and  the  mirror  motions.  The  combi¬ 
nation  of  the  trilaminar  benders  and  the  "push-pull"  connection  eliminates  any 
boreslght  change  in  the  mirror  position  between  the  energized  and  non-energized 
status  of  the  mirror  drive  system. 

The  three-layer  (trilaminar)  bender  bar,  mounted  as  a  cantilever, 
can  be  fabricated  with  highly  reproducible  results.  Two  prepolarized  ceramic 
bars,  electroded  on  their  major  surfaces  after  accurate  lapping  to  prescribed 
thickness,  are  attached  on  opposite  surfaces  of  precision-milled  metal  center- 
ply.  They  are  attached  by  conductive  epoxy,  which  is  heat-cured  under 
pressure. 


Only  minor  long-term  changes  in  the  piezoelectric  properties  are 
expected.  Since  the  two  bender  elements  are  from  the  same  lot,  they  are  ex¬ 
pected  to  be  subject  to  quantatlvely  similar  changes  in  properties.  Because 
the  two  elements  in  the  laminated  bender  oppose  each  other,  similar  changes 
in  properties  tend  to  balance,  resulting  In  negligible  overall  performance 
changes. 


The  details  of  the  method  of  clamping  the  bender  were  found  to 
have  a  marked  effect  upon  the  bender  performance.  Tests  were  made  to  inves¬ 
tigate  the  effects  of  various  clamping  techniques,  and  a  firmly  cantilevered 
beam  configuration  was  found  to  give  the  best  performance. 


-58- 


■*»** 


4.  "Tffl  "SS 


•***  v 


. 


Angular  displacement  sensors  are  available  that  are  essentially 
linear  from  10  Hz  to  1  kHz,  and  have  a  phase  shift  of  8.5  degrees  at  10  Hz, 
dropping  to  0.85  degree  at  100  Hz,  and  0.085  degree  at  1000  Hz.  The  broadband 
noise  from  10  Hz  to  1000  Hz  is  iess  than  1  microradian.  Satisfactory  line-of- 
sight  stabilization  was  measured  with  this  sensor.  At  105  Hz  sinusoidal 
vibration  input,  27  dB  attenuation  (broadband)  was  obtained,  which  would  reduce 
a  150-microradian  vibration  amplitude  to  7  microradians.  The  1  ine-of-sight 
stabilization  spectrum  is  shown  in  Figure  33. 
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FLIR  MOTION  SENSOR 

For  satisfactory  performance,  the  FUR  I  ine-of-sight  displacements 
must  be  measured  by  an  angular  displacement  sensor.  The  sensor  must  have  a 
wide  bandwidth  with  a  linear  response,  a  small  phase  shift  (preferably  none), 
and  low  broadband  noise. 


The  integrating  rate  gyros  used  for  Initial  breadboard  tests  did 
not  have  these  required  characteristics.  Although  the  output  signal  linearity 
could  be  maintained  above  the  gyro  rolloff  frequency  by  compensation,  such 
compensation  increased  the  gyro  noise  as  well  as  the  signal.  The  gain  versus 
frequency  characteristics  of  the  gyro  compensation  used  with  the  integrating 
rate  gyro  are  shown  in  Figure  34.  When  this  gain  was  applied  to  the  mechani¬ 
cal  dynamic  amplification  of  the  mirror/driver  system  with  a  per  unit  critical 
damping  of  0.014,  the  combined  gain  versus  frequency  noise  amplifications 
became  large,  as  shown  in  Figure  35.  The  resultant  mirror  stabilization  noise 
with  the  integrating  gyro  was  approximately  160  microradians  rms  with  the 
spectrum  shown  in  Figure  36.  The  integrating  gyros  used,  however,  did  not 
represent  the  best  obtainable.  In  fact,  their  angular  momentum  had  been 
reduced  significantly  to  increase  torquing  rate.  This  reduction  also  enhanced 
gyro  noise.  Thus,  other  integrating  gyros  could  conceivably  satisfy  stabili¬ 
zation  requirements. 


ELECTRONICS 

The  stabilization  system  is  shown  by  the  system  block  diagram  in 
Figure  37.  In  this  system  a  stabilization  mirror  is  located  at  a  position  In 
the  telescope  optics  where  the  I  ine-of-sight  magnification  is  M.  Thus,  a 


Stabilization  Spectrum  With  S-D  Sensor 


Figure  36  Mirror  Stabilization  System  Noise  Spectrum  With  Integrating  Rate  (tyro 


given  stabilization  mirror  motion  provides  a  2M  I i ne-of-s i ght  motion.  Con¬ 
versely,  if  the  mirror  angle  is  fixed  in  inertial  space  and  the  telescope 
housing  is  moved,  the  I i ne-of-s i ght  moves  (I  -  2/M)  times  the  housing  motion. 
Thus,  to  achieve  I i ne-of-si ght  stabilization,  the  mirror  generated  LOS  motion 
(O')  r-ust  be  equal  and  opposite  to  the  housing  generated  motion  (0'). 

The  mirror  unit  has  a  normal  second  order  transfer  function  for 
a  damped  mass  spring  system  between  the  applied  torque  and  the  mirror  angular 
output.  The  torque  (T")  applied  to  the  mirror  unit  is  the  sum  of  the  torque 
(T'  due  to  the  spring-damper  coupling  between  the  mirror  and  the  telescope 
housing  and  the  torque  (P)  applied  to  the  mirror  unit  by  the  mirror  driver. 
The  driver  torque  ( T T )  ’  generated  from  the  compensated  output  of  an  angular 
displacement  sensor  measur i ng  the  telescope  housing  position.  The  compensa¬ 
tion  network  is  selected  to  compensate  for  the  spring-damper  coupling,  as 
shown,  as  well  as  for  the  frequency  response  anomalies  in  the  electronics. 

In  this  manner,  the  dynamic  I i ne-of-s ight  position  stabilization 
is  achieved.  When  a  dc  step  disturbance  is  applied,  the  mirror  angle  position 
adjusts  to  the  new  telescope  axis  position  with  9*  becoming  equal  and  opposite 
to  0'.  This  action  holds  the  I  ine-of-sight  angle  constant  with  varying  tele¬ 
scope  housing  angles.  Changes  in  telescope  zoom  ratio  are  compensated  by 
changes  in  electronic  gain  in  the  compensation  network. 


In  the  laboratory  demonstration  system,  the  mirror  magnifica¬ 
tion  was  I.  The  maximum  sinusoidal  input  frequency  was  0.6  of  the  mirror  unit 
natural  frequency.  The  combination  of  the  mirror  unit,  angular  displacement 
sensor,  mirror  driver,  and  the  physical  dynamic  coupling  response  in  combina¬ 
tion  with  the  applied  linear  vibration  frequency/amp I itude  schedule  was  such 
that  a  simple  gain  setting  was  the  extent  of  the  compensation  required  for 
the  laboratory  demonstration  system. 
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Consequently,  the  electronics  required  for  the  laboratory  demon¬ 
stration  test  system  included 


•  Scale  factor  amplifier  between  the  angular 
displacement  sensor  and  the  driver  power  amplifier 

•  Driver  power  amplifier 

•  Power  supply  for  the  angular  displacement  sensor. 

Laboratory  equipment  was  used  for  these  three  functions  in  the 
breadboard  demonstration  system.  The  scale  factor  amplifier  was  a  simple 
amplifier  with  an  adjustable  gain,  which  was  adjusted  to  a  fixed  value  for 
the  tests.  The  driver  power  amplifier  was  a  McIntosh  MI-75. 

The  McIntosh  Mi-75  audio  power  amplifier  was  one  of  two  amplifiers 
evaluated  for  this  purpose.  The  other  was  a  switching  amplifier  designed 
in-house.  Both  amplifiers  were  tested  for  linearity  and  phase  shift  over  the 
frequency  range  of  interest  and  at  the  required  output  voltage  levels 

(approximately  500  volts  peak).  The  McIntosh  amplifier  has  a  high-voltage 
tap  on  its  output  transformer  enabling  it  to  provide  these  high  voltages 
directly.  On  the  basis  of  these  tests,  the  McIntosh  was  selected  as  the 
amplifier  to  be  used  in  all  subsequent  testing  of  the  mirror  piezoelectric 
elements. 


The  McIntosh  amplifier  characteristics,  shown  in  Figure  38,  are 
suitable  for  the  breadboard  performance  tests,  down  to  a  fequency  of  50  Hz 
Below  this  frequency  the  phase  shift  of  the  McIntosh  will  degrade  the 
stabilization  performance.  A  power  amplifier  with  a  suitable  phase  shift 
can  readily  be  constructed. 
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Figure  38  McIntosh  MI-75  Amplifier  Characteristics 


Section  V 

STABILIZATION  PERFORMANCE  VERIFICATION 


Satisfactory  performance  of  the  laboratory  breadboard  stabilization 
mirror  was  verified  in  accordance  with  the  Engineering  Test  Plan  (AESC  Report 
5213-A).  The  I ine-of-sight  stabilization  tests  achieved  the  7-microradian 
objective  over  most  of  the  frequency  range,  as  indicated  In  Figure  I  The 
stabilization  performance  below  40  Hz  was  degraded  because  of  the  character¬ 
istics  of  the  McIntosh  MI-75  power  amplifier.  No  significant  boresight  shift 
between  stabilizing  and  nonstabilizing  system  status  was  apparent.  Other  tests 
indicated  satisfactory  insensitivity  to  the  applied  translational  environment. 
The  indicated  mirror  rotational  movement  (from  mirror  unbalance)  was  2.8  micro¬ 
radian  amplitude  at  the  maximum  vibrational  environment  of  20  g  at  105  Hz.  A 
0.00025-in.  axial  displacement  of  the  mirror  surface  at  the  optical  axis  was 
indicated  at  the  maximum  vibrational  environment. 

The  test  setup  for  measuring  the  I ine-of-sight  stabilization  is 
illustrated  in  Figure  39.  The  breadboard  stabilized-mirror  unit  was  mounted 
on  a  flexure  bar.  The  applied  linear  motion  of  the  shaker  caused  a  rotational 
motion  of  the  base  of  the  unit.  The  amplitude  of  the  angular  vibration  was 
directly  proportional  to  the  controllable  axial  vibration  amplitude  of  the 
shaker.  The  angular  displacements  of  the  base  of  the  breadboard  stabilized- 
mirror  unit  were  measured  by  an  angular  displacement  sensor.  The  degree  of 
stabilization  was  measured  by  the  movement  of  the  laser  light  beam  which  was 
reflected  by  the  stabilized  mirror  into  a  spot  motion  sensor. 

The  mirror  stabilization  drive  system  and  the  mirror  slabi I ization 
measuring  system  are  shown  by  the  block  diagram  in  Figure  40.  The  mirror 
stabilization  drive  system  consists  of:  a  sensor  power  supply  providing  power 
to  the  angular  positions  sensor;  a  signal  from  the  angular  displacement  sensor, 
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Figure  39  Breadboard  Stabilization  Mirror  Stabilization 
Performance  Tests 
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which  is  amplified  and  used  to  control  the  output  of  the  driver  power  amplifier; 
and,  finally,  the  mirror  piezoelectric  driver  set  about  one  axis.  The  mirror 
stabilization  measuring  system  consisted  of  a  spot  motion  sensor,  whose  signal 
was  amplified  and  passed  through  a  bandpass  filter  to  remove  the  laser- induced 
low-frequency  noise  of  less  than  5  Hz  frequency,  and  the  noise  above  20  kHz. 

The  filtered  signal  was  then  supplied  to  an  rms  meter  for  measuring  or  to  an 
oscilloscope  for  viewing. 

A  general  view  of  the  I ine-of-sight  stabilization  test  installation 
is  shown  in  Figure  41.  This  photograph  shows  the  stabilization  mirror  mounted 
to  be  driven  by  the  shaker;  the  helium  neon  laser,  whose  beam  was  reflected 
from  the  mirror  to  indicate  the  mirror  motion;  and  the  laboratory  electronics 
for  the  test  setup  drive  and  measuring  systems.  Figure  42  is  a  photograph  of 
the  breadboard  mirror-stabi I ization  unit  mounted  on  the  flexing  bar,  showing 
the  angular  displacement  sensor  and  the  connection  to  the  linear  shaker. 

Another  photograph  (Figure  43)  shows  the  stabilization  mirror  on  the  flexure 
bar. 


i 

\ 


The  data  sheets  of  the  tests  made  in  accordance  with  the  Engineering 
Test  Plan  (AESC  Report  5213-A)  are  in  the  Appendix. 
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Section  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


Following  are  the  main  conclusions  t r  be  drawn  from  this  program: 

a.  A  command-stabilized  mirror  represents  the  best  method  of 
improving  stabilization  for  the  two  FUR  sensors,  at  minimum  cost  and  redesign. 

b.  Vibration  reduction  ratios  of  26  dB  can  be  achieved  with  real 
hardware  providing  resonances  are  avoided  or  compensated  for. 

c.  Stabilization  levels  of  7.5  nicroradians  can  be  attained. 

d.  The  stabilization  mirror  system  can  be  inserted  in  either 
of  the  two  AN/AAQ9  FLIRS  without  optical  degradation. 

e.  Thermal  and  long-term  drift  characteristics  of  the  stabilizing 
mirror  do  not  create  boresight  offsets,  nor  are  they  expected  to  degrade 
isolation  below  20  dB. 

f.  Mirror  configurations  are  ready  for  design  efforts  to  apply 
them  to  specific  FLIRS,  and  for  hardware  demonstration  of  such  application. 

It  is  recommended  that  a  follow-on  program  be  initiated  to  convert 
the  breadboard  developer  and  tested  under  this  program  into  a  prototype 
configuration,  and  that  the  prototype  be  tested  to  determine  operational 
suitabi I ity. 
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APPENDIX 
SECTION  I 

SENSITIVITY  TO  APPLIED  VIBRATIONS 


1.  INDUCED  MIRROR  ANGULAR  VIBRATIONS 

The  mirrors  were  balanced  by  applying  known  weights  to  the  top 
and  bottom  of  the  mirror  and  measuring  the  amount  of  the  mirror  angular 
vibration  when  it  was  shaken.  Metal  was  removed  from  the  mirror  as  indicated 
to  achieve  the  desired  degree  of  balance.  The  data  sheet  for  the  final  balance 
test  Is  shown  on  page  86.  The  amount  of  mirror  motion  expected  under  a 
I05-Hz,  20-g  linear  vibration  was  calculated  using  the  calculation  sheet  on 
page  87.  When  the  indicated  mirror  motion  under  the  20-g  environment  was 
reduced  to  ±2.8  microradians  the  method  of  balancing  was  considered  proven. 
Since  the  degree  of  balance  was  adequate  for  the  planned  tests,  no  further 
balancing  of  the  breadboard  mirror  was  undertaken.  The  balancing  method, 
however,  is  capable  of  achieving  a  significantly  higher  degree  of  mirror 
ba lance. 


2.  MIRROR  POSITION  TRANSLATION 

To  measure  the  amount  of  mirror  position  translation  in  the  optical 
system  under  20-g  vibration,  the  mirror,  mounted  in  its  pivot,  was  statically 
loaded  with  a  force  equivalent  to  the  effect  of  20-gfs  acceleration  on  the  mirror 
mass.  The  deflection  of  the  mirror  pivot  was  measured,  indicating  a 
0. 00025-inch  deflection.  The  data  are  shown  on  page  88. 

3.  MIRROR  UNIFORMITY  TESTS 

In  these  tests  the  laser  beam  was  reflected  from  three  locations 
on  the  mirror,  during  vibration,  to  determine  If  there  were  any  differences  in 
the  mirror  motion.  No  differences  were  identified,  indicating  that  the  mirror 
acted  as  a  flat  surface  under  the  dynamic  conditions  imposed,  as  indicated  by 
the  test  data  on  pages  89  and  90. 
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The  three  laser  beam  reflection  positions  were  (a)  on  the  right- 
hand  edge  of  the  mirror,  (b)  at  the  center  of  the  mirror,  and  (c)  at  the 
left-hand  edge.  The  mirror  housing  unit  was  subjected  to  105-Hz,  150-micro¬ 
radian  peak  vibration  input.  The  actual  mirror  motion  was  slightly  less  than 
this  value,  as  the  figures  indicate.  The  top  line  in  the  oscilloscope  photo¬ 
graph  shows  the  laser  beam  motion  at  the  detector.  The  bottom  line  is  the 
output  of  an  accelerometer  on  the  flexing  beam.  The  accelerometer  output 
shows  that  the  input  vibration  for  all  six  photographs  is  the  same.  The 
results  are  the  same  for  the  stabilized  and  unstabilized  cases. 

The  scale  factor  for  the  mirror  motion  was  91  microradians  per  cm. 
The  accuracy  of  the  measurement  device  was  approximately  1  microradian. 
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SECTION  II 


LINE-OF-SIGHT  STABILIZATION  TESTS 

1.  SCOPE  OF  TESTS 

Three  groups  of  tests  were  performed,  namely:  Preliminary  evalu¬ 
ation  testing.  Scheduled  tests,  and  Additional  tests.  These  are  discussed  in 
the  following  sections. 

2.  PRELIMINARY  EVALUATION  TESTS 

Upon  receipt  of  the  S-D  angular  displacement  sensor,  a  set  of  line- 
of-sight  vibration  attenuation  test  points  was  taken.  Excellent  stabilization 
performance  was  obtained  as  indicated  by  the  test  data  presented  in  Figure  I. 

The  test  vibration  frequencies  were  arbitrarily  selected  without  any  prior 
knowledge  of  system  vibrational  resonances.  The  test  data  is  presented  on 
page  85. 

3.  SCHEDULED  TESTS 

The  I  ine-of-sight  stabilization  tests  performed  involved  reflect¬ 
ing  a  laser  beam  from  the  center  of  the  mirror.  The  oscillograph  records 
(pages  92  through  99)  show  the  movement  of  the  laser  beam  at  the  detector. 

The  stabilized  and  unstabilized  cases  were  taken  at  the  same  input  vibration 
setting  of  the  shake  table,  within  a  few  seconds  of  each  other.  The  test 
results  are  tabulated  on  page  91.  The  values  of  stabilized  attenuation  were 
calculated  in  terms  of  RMS  detector  volts.  These  values  are  plotted  in  Figure  I 

The  frequencies  which  were  selected  give  an  approximate  geometric 
progression.  Because  of  customer  interest,  additional  low-frequency  tests 
were  made,  althrough  the  characteristics  of  the  McIntosh  MI-75  amplifier  pro¬ 
gressively  degraded  the  stabilization  performance  at  frequencies  below  50  Hz. 

In  a  final  system,  phase  compensation  would  extend  this  response  to  a  lower 
frequency. 


4.  ADDITIONAL  TESTS 

a.  Increased  Vibration  Amplitude:  These  tests  were  conducted 
in  the  same  manner  as  the  scheduled  tests,  and  followed  the  completion  of  the 
scheduled  tests. 

The  test  point  shown  on  page  100  was  selected  by  increasing 
the  vibration  amplitude  from  the  most  severe  scheduled  point  of  105  Hz  and 
±150  microradians  p-p  until  the  laboratory  equipment  ceased  to  function  properly 
because  of  amplifier  saturation. 

The  mirror  unit  was  subjected  to  extremely  heavy  vibration 
during  the  testing  and  the  angular  displacement  sensor  was  jarred  loose.  It 
was  replaced,  and  the  point  shown  on  paqe  101  is  essentially  a  repeat  of  the 
previous  test.  The  decreased  performance  was  attributed  to  changes  in  the 
angular  displacement  sensor  mount. 

b,  Resonance  Frequency  Sweep:  These  tests  were  conducted  in 
the  same  manner  as  the  scheduled  tests,  and  followed  the  completion  of  the 
scheduled  tests.  The  test  unit  was  started  at  600  Hz  input  frequency,  which 
was  progressively  lowered.  Records  were  taken  at  each  frequency  where  a 
resonance  of  some  type  was  noted.  The  resonance  points  were  identified  both 
by  sound  as  well  as  by  a  sharp  increase  in  the  unstabilized  mirror  beam 
deflection  amplitude. 

Applied  amplitudes  were  chosen,  not  in  accordance  with  the 
mathematical  model,  but  for  convenience  in  scale  factors  for  the  oscilloscope 
display. 

The  test  results  are  tabulated  on  page  102.  Test  points  9 
through  13  are  plotted  in  Figure  I.  The  oscilloscope  traces  are  shown  on 
pages  103  th-rough  110. 
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Test  Conditions:  is  _Hz  +  ISO  _ jj,rad  ^  Hz  Detector  Bandwidth 


Mirror  Stabilization  ON 

Amplitude  p-p  (photo)  (ON)  *>4 
Scale  Factor  ^rad/cm  9$' 
Amplitude  p-p  (ON)  32. 
Attenuation  Qpp  ^U_ 

Test  Date  y-iO-lL 


Mirror  Stabilization  OFF 


cm  (OFF)  3  Ob  cm 


M.rad;  (OFF)  _2J+4_ p,rad 
;  dB  -  /  9.2. 


Enginee 


t  ct)  ■&£t£/4j 


-93- 


FLIR  HIGH  FREQUENCY  STABILIZATION 
STUDY  PROGRAM 

Contract  F33615-75-C-1I28 


LINE-OF-SIGHT  STABILIZATION  DATASHEET  6.2 


Test  Setup  i***  ~ 

Test  Conditions:  Hz  +  ,‘50 


p,rad  i 0(A)  Hz  Detector  Bandwidth 


Mirror  Stabilization  OFF 


Mirror  Stabilization  ON 


Amplitude  p-p  (photo)  (ON) 


cm  (OFF) 


Amplitude  p-p  (ON)  2J)  jirad;  (OFF) 


Attenuation 


* 

/ 

*  *  It  * 

urn 

( 

i#  ° 

<*■  BL 

- 

I 

j 

1  1  11 

1 1  ii 

1  Hi 

1  1 14 

■II  rr 

I  »n  ■ 

.  M  .  n 

1  JIT 

!  H  I 

• 

fTv 

*# 

✓ 

IX 

i 

ij  ’ 

!? 

■ 

-i 

! _ 

- 

■ 

H 

r 

- 

i  L  E  1  4 

■ 

"i  1  ii 

Hi  | 

|M  f 

Mil 

J.  I  I  I 

1  1  1  V 

t 

IT  M 

■%  1 

* 

^  * 

'*■ 

* 

L 

■  i 

FUR  HIGH  FREQUENCY  STABIUZATION 
STUDY  PROGRAM 


Contract  F33615-75-C-1128 
UNE-OF-SIGHT  STABILIZATION  DATA  SHEET  6.  2 


Page  of  & 


Test  Setup  74L-  B) 

Test  Conditions:  SO  Hz  +  )5~0  |j,rad  S  'IQ  jflflHz  Detector  Bandwidth 


* 

aj 

/  k 

t 

Li  i L 

■  Mi 

mil 

■  ■I* 

ini- 

nil 

■ 

rill 

>  1 

tin 

1 1 1  ♦ 

]  1 1 1 

l 

1  ■ 

r 

1 

11 

1  ■ 

j 

* 

' 

*■ 

h 

It  ! 

- 

* 

Mil 

- 

.Ml 

1 4  | ! 

-  * 

■H-H 

> 

!  l  i  fr 

At 

1  I  II 

1, 

1  M  T 

*  / 

X 

* 

Mirror  Stabilization  ON 


Mirror  Stabilization  OFF 


Amplitude  p-p  (photo)  (ON)  ,  cm  (OFF)  2*20  cm 

Scale  Factor  ptrad/cm 

Amplitude  p-p  (ON)  U  _jj,rad;  (OFF)  _|j,rad 

Attenuation  •  07  ;  dB  “  I 


-MlLUIlUcLLlUIi  •  W 

Test  Date  3  -/C -74 


Engineer  Ct 
-95- 


i  -fr-rteW-r 


%  .  ».» «'  oar***** 


FLIR  HIGH  FREQUENCY  STABIUZATION 
STUDY  PROGRAM 


Contract  F33615-75-C-1128 
LINE-OF-SIGHT  STABILIZATION  DATA  SHEET  6.2 


Page  of  Q 


Test  Setup  716-  g; 

Test  Conditions:  7JT  Hz  +  /5D  urad  5  •  WjQOQ  Hz  Detector  Bandwidth 


j 

E 

- 

* 

J 

; 

L  1  1  1 

q 

^ 

L  II  L 

»  ■ 

hi  r 

i 

Li  j  > 

iih 

li  i  i 

TMT 

L 

r  p  r  p 

rTTT 

i 

nil 

1  1  1  1 

R 

d 

L 

f 

*. 

- 

J 

- 

■ 

\ 

L _ 

/ 1 

1 

\.  '  "" 

% 

- 

b 

■  1  k  1 

l-l  1  1 

Tm7 

i  i  IT1 

1  1:  L  1  1 

III! 

rl  1 1 

Tt  l  T 

Mil 

*  ! 

!  - 

| 

- 

- 

_  : 

Mirror  Stabilization  ON  Mirror  Stabilization  OFF 

Amplitude  p-p  (photo)  (ON)  »  ZO  cm  (OFF)  3>7X  _cm 
Scale  Factor  ^rad/cm 

Amplitude  p-p  (ON)  l  jirad;  (OFF)  3  5  L  |irad 

Attenuation  »  O^T  3  8 J  dB  *  2.  ^  *  4 


Test  Date  3^6-74 


Engineer  £ 


*  W  - 


rw 

■r 


FLIR  HIGH  FREQUENCY  STABILIZATION 
STUDY  PROGRAM 

Contract  F33615-75-C-1128 


LINE -OF -SIGHT  STABILIZATION  DATASHEET  6.2 


Test  Setup  /  jl H *  *  &  / 

Test  Conditions:  /05'  Hz  +  ISO 


(irad  S~2i>jVV0  Hz  Detector  Bandwidth 


Mirror  Stabilization  ON 


Mirror  Stabilization  OFF 


(off)  jyyi 


Amplitude  p-p  (photo)  (ON) 


Amplitude  p-p  (ON) 


p,rad;  (OFF) 


Attenuati  on 


►  *  * 

, 

i _ 

4  * 

;  i  k  i  1 

1  i  1  1 

mi' 

~i  i  r  fc  . 

T" t  l  1 

“mT 

rT  \  1 1 

N  H  ! 

— 

* 

*■ 

r 

V 

I 

* 

Ci 

1 

j  j  1 1 

lilt 

^  i 

k  k  (  ei 

1  Ul 

L  L  L  J 

S  1  T  1 

Mill 

■  III 

f 

T TT  T 

rrl'  r' 

L  i 

#■ 

ttt.tr  high  FREQUENCY  STABILIZATION 
STUDY  PROGRAM 

Contract  F33615-75-C-1128 


LINE -OF -SIGHT  STABILIZATION  DATASHEET  6.2 


Test  Setup 
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Test  Setup 
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Test  Setup  -  P  / _ 
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Test  Setup 
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Test  Setup 
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Test  Conditions:  2-fcK  Hz  +  38 


p,rad  ^  -It/  V*  Hz  Detector  Bandwidth 
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Test  Setup  _ 

Test  Conditions:  1 11  Hz  ±  /f  iirad  J-l^twHz  Detector  Bandwidth 
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Test  Conditions  I  363  Hz  +  8 
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Mirror  Stabilization  ON 


OFF 
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Amplitude  p-p  (photo)  (ON)  cm  (OFF)  3 .  UO  cm 

Scale  Factor  p.rad/cm  l 

Amplitude  p-p  (ON)  64  urad;  (OFF)  ^37  ^,rad 

Attenuation  •  467 _ ;  dB  t 

Test  Date  3  _  _ Engineer  tt/  7MZ14&. 
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Test  Setup 

Test  Conditions:  2b  S*  Hz  ±  .1.5  prad  Detector  Bandwidth 


Mirror  Stabilization  ON  Mirror  Stabilization  OFF 

Amplitude  p-p  (photo)  (ON)  I-  2S  cm  (OFF)  2  ^  cm 
Scale  Factor  p,rad/ cm  /f ./ 

Amplitude  p-p  (ON)  2. 4  prad;  (OFF)  SS  ^jirad 
Attenuation  *  43 _ ;  dB 

Test  Date  3  -/0  -7L _  _ Engineer  eft/ 
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Mirror  Stabilization  ON 


Mirror  Stabilization  OFF 


Amplitude  p-p  (photo)  (ON)  Z , cm  (OFF)  ^  US  cm 
Scale  Factor  ^rad/cm 

Amplitude  p-p  (ON)  X^AZ  urad;  (OFF)  urad 

Attenuation  g-p-p  »  >4(» _ ;  dB  "*  ^  ■  "X  S 
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Test  Setup  /gjrg  / 

Test  Conditions:  4b0  Hz  + 


irad  Detector  Bandwidth 


Mirror  Stabilization  ON 


Mirror  Stabilization  OFF 


(OFF)  2. 


Amplitude  p-p  (photo)  (ON) 


Amplitude  p-p  (ON) 


jjrad;  (OFF) 


Attenuation 


Test  Date 
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